Double stranded DNA multiply charged anions coupled to chromophores were subjected to UV-Vis photo-activation in a quadrupole ion trap mass spectrometer. The chromophores included noncovalently bound minor groove binders (activated in the near UV), noncovalently bound intercalators (activated with visible light), and covalently linked fluorophores and quenchers (activated at their maximum absorption wavelength). We found that the activation of only chromophores having long fluorescence lifetimes did result in efficient electron photodetachment from the DNA complexes. In the case of ethidium-dsDNA complex excited at 500 nm, photodetachment is a multi-photon process. The MS³ fragmentation of radicals produced by photodetachment at λ = 260 nm (DNA excitation) and by photodetachment at λ > 300 nm (chromophore excitation) was compared. The radicals keep no memory of the way they were produced. A weakly bound noncovalent ligand (m-amsacrine) allowed probing experimentally that a fraction of the electronic internal energy was converted into vibrational internal energy. This fragmentation channel was used to demonstrate that excitation of the quencher DABSYL resulted in internal conversion, unlike the fluorophore 6-FAM. Altogether, photodetachment of the DNA complexes upon chromophore excitation can be interpreted by the following mechanism: (1) ligands with sufficiently long excited state lifetime undergo resonant two-photon excitation to reach the level of the DNA excited states, then (2) the excited state must be coupled to the DNA excited states for photodetachment to occur. Our experiments also pave the way towards photodissociation probes of biomolecule conformation in the gas phase by Förster resonance energy transfer (FRET). 
INTRODUCTION
A wide variety of activation methods can be used to fragment ions in tandem mass spectrometers [1] .
Ion activation methods can be classified in the following way: collisions with neutrals (atoms, molecules or surfaces), collisions with ions (including proton and electron transfer reagents), collisions with electrons, and photo-activation. The most widely used method is collisional activation, because of its availability on all commercial tandem mass spectrometers. The DNA fragmentation pathways resulting from the various activation methods have been reviewed in 2004 [2] . Since then, some major advances must be mentioned in electron activation methods [3] [4] [5] , and in infrared photodissociation [6] .
We recently started exploring the gas-phase reaction pathways of multiply charged DNA single strands and double strands upon UV irradiation around 260 nm [7, 8] . To our surprise, we found out that, instead of fragmentation, electron detachment was the major reaction pathway with strands containing guanines. Electron photodetachment itself is not useful for DNA structure analysis, but subsequent collisional activation of the oligonucleotide radicals produced by electron photodetachment gives fragmentation into w, d, a• and z• ions with good sequence coverage [7] . This technique combining electron photodetachment and collision-induced dissociation was coined EPD (electron photodetachment dissociation). It has now been shown to apply to peptides and proteins as well [9] .
Apart from the sequencing applications of EPD, numerous questions remain about the electron photodetachment mechanism, and how it compares with electron detachment dissociation [3] [4] [5] and thermal electron detachment [10, 11] . We will briefly summarize our current understanding of the photodetachment mechanism [8] . The electron binding energy in multiply charged DNA anions depends on the balance between electron binding energy of the different DNA constituents (the phosphates, the sugars, and the bases) and the Coulombic repulsion between like charges [10] [11] [12] . It has been shown that in a negatively charged environment, the electron binding energy of the nucleic bases can become lower than the electron binding energy of the phosphate groups, and that the highest 4 occupied molecular orbital (HOMO) can be located on the bases [13] [14] [15] . Guanine is the base with the lowest ionization energy, followed by adenine, cytosine, and finally thymine. If the photon energy (for λ = 260 nm, hν = 4.77 eV) is superior to energy difference between the even-electron parent ion and the anion radical with one electron fewer (this energy difference is defined as the electron binding energy, or BE), electron photodetachment can occur. If the photon energy is superior to the electron binding energy plus the repulsive Coulomb barrier (BE+RCB), photodetachment can be very fast. If the photon energy falls between BE and BE+RCB, electron photodetachment can still proceed via tunneling through the barrier. The other key point in the mechanism is that electron photodetachment proceeds via some specific electronic excited states corresponding to base excitation. This is suggested by the wavelength-dependence, which shows maximum photodetachment efficiency around 260 nm and a drop-off at higher photon energies (shorter wavelengths).
In the present paper, we report further photo-activation experiments on DNA complexes with chromophores absorbing at different wavelengths than the nucleic bases. We investigated the noncovalently bound and the covalently bound chromophores shown on Scheme 1. Two kinds of noncovalent ligands were tested: minor groove binders (these ligands interact with DNA mainly by hydrogen bonding with the sides of the base pairs), and intercalators (these ligands stack between base pairs and interact mainly via electrostatic dipole-dipole interactions). We also investigated one covalently linked fluorophore (6-FAM, an analog of fluorescein which is more photostable) and one covalently linked quencher (DABSYL). In a fluorophore, following photon absorption, the initial excited state relaxes into a lower lying excited state from which light is re-emitted. In a photostable quencher, all electronic energy is converted into vibrational energy. In the case of azobenzenes like DABSYL, the relaxation to the electronic ground state involves trans-cis isomerization of the N=N bond [16] . Azobenzene chromophores can therefore be used to locally deposit vibrational internal energy and probe its redistribution over the biomolecule [17] . The general aim was to discover whether chromophore-specific photochemical reactions might be observed. The underlying questions relate to 5 the efficiency of internal energy redistribution from specific electronically excited to vibrationally excited states, and to the efficiency of intramolecular energy redistribution in large biomolecules including non-covalently bound partners, when the energy is initially located in one well-defined chromophore [18] [19] [20] [21] [22] [23] [24] . We show here that for some of the chromophores, photodetachment is the major photochemical pathway, like for the nucleic bases [7, 8] . We also found some evidence of internal energy redistribution over the whole biomolecule ions. The relationship between de-excitation channels, the lifetime of excited states of the chromophores, and electron photodetachment of the DNAchromophore complexes is also discussed.
MATERIALS AND METHODS

Materials
All DNA single strands were purchased from Eurogentec (Angleur, Belgium) and used without further purification. The duplex d(CGCGAATTCGCG) 2 (noted dsB like in some of our previous papers) was prepared by mixing 100 µM single strand in 100 mM aqueous NH 4 OAc to yield a 50 µM duplex stock solution. The hairpin-forming oligonucleotide sequence dCCAGGTCTGAGGCGTCCTGG was purchased from Eurogentec in three different forms:
unmodified, modified with DABSYL on the 3' end, or modified with 6-FAM on the 5' end. Hairpin formation was ensured by storing the oligonucleotide in 100 mM NH 4 OAc. All ligands were purchased from Sigma-Aldrich (www.sigma-aldrich.com). The drug stock solutions were prepared in bi-distilled water, except m-Amsacrine which was dissolved in methanol. DNA-ligand mixtures were prepared at 10-10 µM or 10-20 µM in 100 mM NH 4 OAc, with 20% methanol added just before spraying.
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Mass Spectrometry
All experiments were performed on an commercial LCQ Duo quadrupole ion trap mass spectrometer (ThermoFinnigan, San Jose, CA), coupled to a Panther TM OPO laser pumped by a 355-nm Nd:YAG PowerLite TM 8000 (5 ns pulse width, 20 Hz repetition rate). The vacuum chamber and the central ring electrode of the mass spectrometer were modified to allow the injection of UV and visible lights [25] .
An optical fiber glued to the ion trap opposite to the incoming beam was used for laser alignment, ensuring reproducible overlap between the laser beam and the ion cloud. In the visible region (410-700 nm), the signal wave of the OPO was used. Frequency doubling of the signal wave allows reaching the UV range 215-320 nm. There is a gap between 320 nm and 410 nm, where the only possibility was to use the 355-nm Nd:YAG laser (after attenuation). A cylindrical lens (f = 500 mm), located ~500 mm from the center of the trap, is used to reduce the ellipticity of the laser beam. The standard electrospray source was operated as described previously [7, 8] . To perform laser irradiation for a given number of laser pulses, we add an MS n step with activation amplitude of 0%, during which a shutter located on the laser beam is open. This electromechanical shutter triggered on the RF signal of the ion trap synchronizes the laser irradiation with the MS/MS events conducted in the ion trap.
RESULTS
Noncovalently bound chromophores
We have shown previously that DNA single strands and double strands undergo electron photodetachment when using laser wavelengths matching nucleic acid base absorption (maximum between 250 and 270 nm). In the present study we explored the relaxation pathways following photoactivation of DNA-ligand noncovalent complexes using wavelengths corresponding to ligand electronic excitation. The ligands tested here are listed in Table 1 , together with their known absorption and 7 fluorescence properties in solution. The initial choice of working wavelengths was done by assuming that ligand absorption in the gas phase DNA complexes occurs at similar wavelengths than ligand absorption in the solution phase DNA complexes. Then, when laser tuning was possible, we checked that the same pathways are also observed at wavelengths above and below the initially chosen wavelength, to check for possible shifts in the absorption maxima.
We studied here four minor groove binding ligands: netropsin, Hoechst 33258, DAPI and berenil. At this stage we have two ligands (Hoechst 33258 and DAPI) provoking significant electron photodetachment, and one ligand (netropsin) provoking almost no electron photodetachment. As
Hoechst 33258 and DAPI are fluorescent when bound to DNA while netropsin is not, we hypothesized that the photodetachment mechanism could be related to ligand fluorescence. However, the comparison between netropsin and the other ligands is difficult because of the limited laser power at 310 nm (at 355 nm the netropsin complex gave no photodetachment either, see SI). We therefore used berenil, a nonfluorescent minor groove binder that absorbs significantly at 355 nm when bound to DNA (absorption maximum is at 370 nm). Even after 3s irradiation, no photodetachment is observed (see SI).
We also investigated the photoactivation spectra of three intercalating molecules. 
m-Amsacrine as a probe of internal energy uptake upon laser irradiation
While exploring the pathways of the m-amsacrine ligand, we made an interesting observation. mamsacrine is a very loosely bound noncovalent ligand which is lost as a neutral at low collision energies when MS/MS is performed on the DNA complexes [42] , and we propose to use it as a messenger to probe the vibrational internal energy uptake. This kind of strategy involving the loss of a weakly bound neutral [43] or ion [44] has been used by others for infrared spectroscopy. No significant 9 photodetachment or photodissociation is observed when using wavelengths between 400 and 500 nm. 
Covalently linked chromophores
We tested a commercially available fluorophore (6-FAM) and a commercially available quencher ) show no photodetachment at all, confirming that photodetachment was due to the covalently linked chromophore. To ensure that no significant photodetachment was observable, experiments were also performed on the 6-charge state, which should be even more sensitive to electron detachment than the 5-charge state because of coulombic repulsion. The laser wavelength was tuned from 440 nm to 560 nm, but no photodetachment is detected (see SI).
It can be noted that the spectrum obtained with the quencher (Figure 3b) 
MS³ of radical ions as a function of the wavelength used for photodetachment
Finally, in order to determine whether the radical produced by electron photodetachment keeps some memory of the chromophore that was excited, we compared the CID spectra of the [dsB+Ligand] 
DISCUSSION
Mechanism of electron photodetachment following chromophore irradiation
The mechanism must take the following observations into account. First, among chromophores noncovalently bound to the DNA, only those with a significantly long fluorescence lifetime (> 1 ns) are able to provoke electron photodetachment from the complex. However, when the fluorophore 6-FAM is covalently attached to the DNA extremities by an alkyl linker, it is unable to provoke electron photodetachment. Danell et al. [45] performed fluorescence counting experiments on BODIPY ® TMR-X and BODIPY ® TR-X upon 532-nm laser irradiation. Electron photodetachment was detected, and the authors subsequently found that this was due to a thermal autodetachment following internal energy input by the laser excitation. Thermal electron detachment was also observed in the absence of laser and chromophores, just by heating the ions in the trap.
The first question is the single-photon or multi-photon character of electron photodetachment with chromophores. In the case of ethidium, excitation with 550-nm light corresponds to 2.25 eV/photon, and in the case of the minor groove binders, 355-nm light corresponds to 3.49 eV/photon. We examined the power dependence of photodetachment yield for ethidium at 500 nm (2.48 eV), where electron photodetachment is a little more efficient, to allow single laser pulse experiments. The results in Figure   5 clearly show that photodetachment is a multiphoton process. First, there is an energy threshold below which no photodetachment is observed. A single-photon process would have resulted in a linear dependence of the photodetachment yield on the laser energy, with an intercept at (0,0). Second, the series obtained with different number of laser pulses do not overlap, indicating that for a given total fluence, higher photodetachment efficiency is achieved if this energy is given in one pulse than several pulses. This suggests that, on the contrary to 260-nm photodetachment which is a single-photon process 13 [8] (mechanism represented in Figure 6(a) ), electron photodetachment following ligand excitation at 550 nm is a multi-photon process.
Therefore, the fact that only ligands having long fluorescence lifetimes can provoke electron photodetachment can be understood as follows. The ligand must remain long enough in an excited state in order to have a significant probability to absorb a second photon during the laser pulse, which lasts for 5-7 ns. Chromophores with too short excited state lifetime will convert back to the ground state before absorption of the second photon can occur, as depicted in Figure 6 between the DNA bases [48] . Ethidium is precisely one of the chromophores that can be used for provoking charge transfer in DNA [49, 50] , but doxorubicin is an even more efficient DNA oxidant than ethidium [48] , which is not in line with our experiments. Furthermore, chromophores must be stacked above or between DNA base pairs for long-distance charge transfer to occur. In other terms, this can only happen with intercalating molecules and not with minor groove binders. In control experiments with ethidium and DAPI complexes with single-stranded 12-mer DNA, photodetachment upon chromophore excitation was also observed (data not shown). Therefore, our electron photodetachment experiments are against long range DNA-to-chromophore electron transfer as the initiator of electron photodetachment and we propose in Figure 6 
Electronic-to-vibrational energy conversion: towards photodissociation probes of gas-phase ion structure?
In instances where fast photodetachment does not take place, internal conversion of the electronic internal energy into vibrational internal energy can occur. The energy is initially localized in the excited chromophore, and then redistributes over all degrees of freedom. Fragmentation channels occurring before complete intramolecular vibrational energy redistribution (IVR) over the entire species (nonergodic case) should be indicative of the proximal environment of the chromophore. An example of conformation-specific photodissociation probes has been demonstrated in peptides labeled with benzophenone, which showed CO 2 loss when the C-terminus was in contact with to the chromophore [51] . Unfortunately, with the ligands studied here, no particular photodissociation channels could be observed, and complete IVR seems to take place. The only way to detect the increase in vibrational internal energy once it is redistributed over all degrees of freedom is to use a loosely bound reporter [43, 44] , such as m-amsacrine in the present case.
Of course once the energy is delocalized over the entire molecule, the fragmentation itself is not indicative of the local environment. Then, a donor-acceptor configuration can be used instead, based on Förster resonance energy transfer (FRET, also often named "fluorescence resonance energy transfer").
FRET is a nonradiative energy transfer from one molecule (a fluorescent donor) to another (the acceptor) [52] . Although it is a nonradiative process, its efficiency is maximum when the emission wavelength of the donor matches the absorption wavelength of the acceptor. As FRET efficiency 16 depends on the donor-acceptor distance (in 1/r 6 ), FRET is commonly used to probe the conformation of biomolecules in solution, including nucleic acids [53] . Several groups developed specialized instrumentation to allow fluorescence measurements in trap mass spectrometers [54] [55] [56] , and probing gas phase ion conformation either by measuring changes in the donor fluorescence [45, 57] , or by measuring the acceptor fluorescence [58] . Here we propose using a fluorophore as the donor and a quencher as the acceptor, in a configuration known as a "molecular beacon" [59, 60] . In solution, energy absorption by the quencher diminishes the fluorescence of the donor. In the case of ions isolated in the gas phase, energy absorption by the quencher would result in electronic-to-vibrational energy conversion and ion fragmentation. Then, using a loosely bound neutral as reporter, internal energy conversion with quenchers can be detected even in large biomolecules. Our experiment with the weakly bound intercalator m-amsacrine and the quencher DABSYL show that it might be possible to probe biomolecule conformation by combining FRET and photodissociation. Detecting the onset of a fragmentation signal can be much more sensitive than direct fluorescence counting in the mass spectrometer, but most of all it can be more readily implemented in commercial mass spectrometers, as photodissociation probes only require the coupling of a light source to the mass analyzer.
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